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In this thesis, the method of digital image correlation (DIC), which is mainly 
employed for in-plane deformation measurement, is developed for full 
three-dimensional displacement and shape measurement. The major findings of this 
project have been submitted for publication (see Appendix A). 
 
By use of DIC method to detect an apparent in-plane displacement introduced by an 
out-of-plane displacement of a test object, the unknown whole field out-of-plane 
displacement can be retrieved from a simple mathematical model. Similarly, shape 
information of a test object is modulated in the apparent in-plane displacement field 
obtained by applying DIC to images before and after an in-plane translation. Thus 
the object shape can be subsequently retrieved from the apparent in-plane 
displacement. 
 
DIC is also combined with fringe projection technique to obtain three-dimensional 
displacement. The combination method is carried out in two ways. The first captures 
one image with projected fringes at each displaced state and uses a restored image 
for DIC to obtain in-plane displacement. This procedure is suitable for dynamic 
measurement since only one image at each state is needed. The second way captures 






This thesis is divided into six chapters: 
 
Chapter 1 introduces various optical methods for displacement and shape 
measurement. Emphasis is given to the DIC which has some advantages over most 
of the other methods. Objectives and scope of this thesis are also included. 
 
Chapter 2 reviews the development of various DIC algorithms and the applications 
of DIC systems for two-dimensional and three-dimensional measurements. 
 
Chapter 3 develops the theoretical background for the present work. Basic concepts 
and numerical implementation for DIC are described in detail. Mathematical model 
of the imaging system is presented and principles for out-of-plane displacement and 
shape measurement are given. The combination of DIC and fringe projection is also 
described in detail. 
 
Chapter 4 describes the experimental arrangements and procedures. 
 
Chapter 5 presents the measurement results of out-of-plane displacement, shape and 
three-dimensional displacement. Comparisons between experimental and theoretical 
results are given. Various parameters which affect the measurement results are 
discussed. 
 
Chapter 6 gives a conclusion of the present research work. It summarizes the 
accomplishments of the present study and recommends some improvements on 
algorithm development and applications of DIC method. 
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CHAPTER 1 INTRODUCTION 





Measurement of stress, strain, displacement and shape are essential in many 
engineering applications. While conventional methods using strain gauge, ruler and 
stylus profiler offer solutions to some relatively simple problems, optical methods 
provide whole-field, nondestructive and high-sensitivity measurement for more 
complicated problems. Most optical methods rely directly on displacement and 
shape measurement. Stress and strain can be obtained by differentiating the 
displacement components and applying stress-strain relationship to the displacement 
field.  
 
1.1 Various Optical Methods 
 
Holographic interferometry has been widely used for displacement measurement in 
experimental mechanics for deformable bodies [1, 2]. This method is effective and 
has a submicron resolution. The drawbacks of holographic method are laborious wet 
process, stability requirement for experimental set-up, and small measurement 
range. 
 
The electronic version of holographic interferometry -- electronic speckle pattern 
interferometry (ESPI, also called TV holography) -- has a lot of advantages over the 
conventional holography [2-6]. Firstly, the cumbersome wet processing of the 
hologram is omitted. Secondly, the stability requirement is greatly relaxed since the 
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exposure time is quite short (1/25s). Finally, time-average recordings of vibrating 
objects are easily performed. The shortcomings of ESPI are the small measurement 
range, and the insensitivity to in-plane displacement. Most ESPI set-ups are 
designed for out-of-plane displacement measurement. 
 
By covering the camera lens with a thin glass wedge to bring lights scattered from 
one point of the object surface into interference with those from the neighboring 
points, the set-up for shearography is formed [7, 8]. The technique of shearography 
has many significant advantages. Firstly, its optical set-up is rather simple and even 
does not need a reference beam, and thus greatly relaxes the stability requirement. 
Secondly, good quality fringes are also easily obtained in shearography. The most 
distinct advantage of shearography is that it enables direct measurement of surface 
strain, and is highly sensitive to local variations in deformation field. This makes it 
the best choice in crack detection. 
 
Moiré phenomenon is observed when two closely identical systems of lines are 
superimposed which causes modulation of the light intensities [2, 9-11]. The 
phenomenon changes when the observer changes his viewing direction. The moiré 
fringes convey information concerning the two systems of lines and their relative 
changes. In experimental mechanics the moiré phenomenon is employed to measure 
displacements, strains and surface profiles. Moire methods are highly sensitive, 
full-field techniques for in-plane displacement and shape measurement. Other 
advantages of moiré method are the ease in generating high contrast fringe pattern, 
being real time method and having a its large dynamic range. However, the need for 
elaborate preparation of grating on object surface makes the moiré method a 
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semi-contact method, and not suitable for measuring soft materials. 
 
When an object with an optically rough surface is illuminated by a coherent laser 
source, a random speckle pattern can be observed. The speckle patterns represent 
optical noise which reduces the quality of the holographic interference fringe pattern. 
On the other hand it can be effectively used for displacements measurement [2, 12]. 
Speckle methods are the most effective optical method for the measurement of 
in-plane displacement components on the surface under investigation. The main 
disadvantages are the cumbersome wet processing and the small measurement range. 
 
1.2 The Method of Digital Image Correlation (DIC) 
 
Digital image correlation (also called digital speckle photography) is a computerized 
speckle method which makes use of white light or laser speckle pattern for surface 
displacement and strain measurement [13-18]. In DIC, the speckle patterns before 
and after an in-plane deformation, are captured by a solid state detector and 
compared to obtain in-plane deformation with subpixel resolution.  
 
The common set-up for DIC is simple, composed of only a solid-state detector with 
lens. However, the technique of DIC can be applied to a wide range of application 
from microscopic testing of MEMS specimens to macroscopic measurement using 
images taken from satellites, provided that the images show enough contrast. Digital 
image correlation is mainly used for two-dimensional applications but can be 
extended for shape and 3-dimensional displacement measurement by allowing 
detection from multiple directions. This can be achieved by equipping the measuring 
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system with two cameras, or viewing the object from two positions with the same 
camera. 
 
The method of DIC has many advantages over other optical methods. Firstly, only a 
single white light source is needed in DIC, so the optical set-up for DIC is simpler 
than other optical methods. Secondly, the displacement information is retrieved by 
direct comparison of the speckle patterns before and after deformation, no fringe 
analysis and phase-unwrapping is needed in this method. Thirdly, there is no fringe 
density limitation in DIC, so the measurement range is much larger than other 
techniques. Finally, the resolution for DIC method is adjustable by using optical 
systems with various magnifications. 
 
1.3 Objectives and Scope 
 
Optical methods have been widely used in experimental mechanics for 
nondestructive testing and stress analysis. Most of the methods mentioned in section 
1.1 fall back on fringe analysis for quantitative interpretation of experiment results. 
The tedious fringe analysis and subsequent phase-unwrapping processes are 
drawbacks of these methods. Furthermore, since there is a limit for fringe density, 
these methods are confined to small measurement ranges which are comparable with 
the period of the measuring element. 
 
Digital image correlation, on the other hand, relies on comparison of speckle images 
to retrieve useful information. This method needs no fringe analysis and has a large 
measurement range. Moreover, the resolution is adjustable in this method and it can 
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be applied to various macroscopic and microscopic applications.  
 
As mentioned in section 1.2, DIC measuring system with two cameras is often 
employed to obtain three-dimentional displacement and shape while the applications 
of DIC with a single camera are confined to in-plane displacement measurement. 
The DIC system with two cameras, though effective and robust, is complex and the 
corresponding calibration process is laborious and time-consuming. It is desirable if 
the DIC system with a single camera can be used to measure three-dimentional 
displacement and shape. 
 
The main objective of this investigation is to develop DIC measuring systems with 
a single camera for effective measurement of surface profile and 3-dimensional 
displacement. The scope of this thesis includes the following: 
 
1. To investigate the feasibility of employing DIC for small apparent in-plane 
displacement detection, and to develop an effective measuring system for 
out-of-plane displacement measurement using DIC with a single camera. 
2. To study the influence of surface height variation of an object on the 
magnification variation of the imaging system, and to develop a method for 
retrieving the object shape based on a pinhole camera model. 
3. To study the effect of image contrast on the resultant accuracy of DIC method, 
and to combine DIC method and fringe projection technique for dynamic 
measurement of 3-dimensional deformation using a single camera. 
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Since the 1980s, the method of digital image correlation (DIC) has been developed 
and applied to various fields. Different algorithms have been proposed and 
optimized and various two-dimensional and three-dimensional measuring systems 
based on DIC have been constructed. In this chapter, the development of DIC 
algorithms as well as applications of DIC method for two-dimensional and 
three-dimensional measurements is reviewed. 
 
2.1 Development of DIC Algorithms 
 
The method of DIC was first used to analyze images of internal structure obtained 
by using ultrasonic waves by Peters and Ranson [13]. Their fundamental research 
work validated the feasibility of using digital ultrasound images for average, 
through-thickness planar displacements determination. In the subsequent ten years, 
the concepts of their proposed method were modified and optical illumination was 
adopted and the method of DIC was applied successfully to the field of experimental 
mechanics. Sutton [16, 17] and Sjodahl [18] have written reviews on the theory and 
applications of DIC in great detail. 
 
A thorough description of the basic theory of DIC was also given by Chu et al [19]. 
Their study demonstrated that simple deformation of a solid body can be accurately 
measured. After that, a series of improvements [20, 21] which optimized the DIC 
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algorithms and increased the computation speed by twenty-fold without loss of 
accuracy were reported. Newton-Raphson iteration method [21] was also included in 
the DIC algorithm for faster subset matching. Alternative algorithms, which either 
increase the accuracy or provide new approaches, have also been proposed [22-25]. 
Lu and Cary [23] included second-order displacement gradient in the DIC algorithm 
and made it suitable for larger deformation measurement. Cheng and Sutton [24], on 
the other hand, proposed a full image based correlation method which matches the 
whole image before a deformation with one after deformation. Their method 
eliminated the need for the arbitrary decision of subset size and had the potential to 
achieve better accuracy. 
 
To achieve sub-pixel accuracy, interpolation schemes are implemented to 
reconstruct a continuous gray value distribution in the deformed images. Sutton [16] 
demonstrated that higher order interpolation would provide more accurate results, 
but with the limitation of requiring more computation time. Normally the choice of 
different schemes depends on different requirements. Bi-cubic and bi-quintic spline 
interpolation schemes are widely used [16, 22]. 
 
Due to digitization of light intensity, approximation of deformed subimage shape 
and images being out of focus in the experimental set-up, there are systematic errors 
in using DIC method. The modeling works for error estimation have been performed, 
and methods to correct these errors are proposed [26-30]. Sutton [26] conducted the 
first modeling work and pointed out that the primary factors affecting the accuracy 
of DIC method were the quantitative level of the digitization process, the sampling 
frequency of the detector and the interpolation functions used for gray value 
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reconstruction at non-pixel locations. Schreier et al [28, 29] further investigated the 
systematic errors caused by intensity interpolation and undermatched subset shape 
function, and presented methods to reduce this errors to acceptable levels. 
 
Except for the direct correlation method, Chen and Chiang have shown that fast 
Fourier transforms (FFT) [31, 32] are viable alternative for applications where 
in-plane strains and rotations are relatively small. Their proposed method applies 
FFT to both deformed and undeformed subimages to determine the cross-correlation 
function. The displacement is then estimated by locating the peak of the 
cross-correlation function. The FFT approach is fast and accurate for rigid-body 
displacement measurement, but would introduce large errors for deformation and 
rotation applications. 
 
2.2 Applications of DIC for Two-Dimensional Measurement 
 
The main application of DIC is in experimental mechanics. During the last two 
decades, various applications had been reported for two-dimensional measurement 
of displacement and strain field using the method of DIC. 
 
The most fundamental applications of two-dimensional DIC are found in fracture 
mechanics studies [33-47], including measurement of strain field near crack-tips at 
high temperatures [33-34], strain measurement near stationary and growing 
crack-tips [41-43] and measurement of crack-tip opening displacement during crack 
growth [44-47]. DIC was also applied to the measurement of velocity fields both in 
seeded flows and in rigid-body mechanics [48, 49]. In 1987, the principle of DIC 
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was adopted in biomechanics and strain fields in retinal tissue under monotonic and 
cyclic loading were measured successfully [50, 51]. The paper by Chao et al. [52] 
has made many researchers adopt the DIC technique in the wood and paper area. 
The technique has been used to study the deformation of single wood cells [53], 
characterize the mechanical properties of small wooden specimens [54-57] and 
study the drying process in wood specimens [58-60]. More recently, DIC was 
successfully extended to micro-deformations study of scanning tunneling electron 
microscopy images [61] as well as macro-deformation in concrete during 
compressive loading [62]. 
 
2.3 Applications of DIC for Three-Dimensional Measurement 
 
Digital image correlation with a single camera is most effective for two-dimensional 
application, but not suitable for three-dimensional measurement since the measuring 
system is based on two-dimensional concepts. However, applying DIC algorithm to 
a binocular imaging system would measure all displacement components in three 
dimensions. By viewing an object from two different directions and comparing the 
locations of corresponding subsets in images taken by the two cameras, information 
about the shape and three-dimensional displacement of the object can be obtained. 
  
The initial study of DIC system for three-dimensional deformation measurements 
were conducted by McNeill in 1988 [63]. By translating the camera by a known 
distance to obtain two views of an object, McNeill demonstrated that the shape of a 
planar object could be measured by a simple stereo system. Kahn developed a 
two-camera system and accurately measured three-dimensional displacement of a 
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beam in 1990 [64]. In 1991, Luo et al. [65] successfully developed a system for 3-D 
displacement measurements and applied it to fracture problems [66, 67]. In 1996, 
Helm et al. [68, 69] successfully improved the two-camera stereo vision system to 
include the perspective effects on subset shape and simplify the calibration process. 
The binocular DIC system is being used for more and more applications in the field 
of experimental mechanics. 
 
Aside from binocular measuring systems, two methods based on DIC algorithm with 
a single camera had also been proposed for shape measurement. McNeill et al [47] 
included a digital speckle projector into the DIC system and compared a reference 
speckle image with the speckle image modulated by the object shape to accurately 
obtain the object shape. Dai and Su [73] on the other hand, proposed a digital 
speckle temporal sequence correlation method. Their method also used digital 
speckle projection, but the correlation process was conducted between the image 
modulated by the object shape and a sequence of reference speckle image at a 
particular pixel position. The shape of the object was subsequently obtained from the 
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Theory of the method of DIC and its numerical implementation are given in section 
3.1. The principles for pure out-of-plane displacement and shape measurement based 
on a pinhole camera model are presented in sections 3.2 and 3.3. Section 3.4 gives a 
detailed description of the method which combines DIC and fringe projection for 
in-plane and out-of-plane displacement measurement. 
 
 
3.1 The Method of Digital Image Correlation 
 
3.1.1 Basic Concepts 
 
Cross-correlation operation integrates two functions within a certain area and results 
in a value. The larger the value is, the more similar the two functions are. When 
applying cross-correlation operation to compare digitized images, the method of 
DIC is formed. 
 
Figure 3.1 shows a typical set-up for DIC system. A planar object with a speckle 
surface is placed perpendicular to the optical axis of the imaging system. An image 
of the object surface at its undeformed state is captured. After exerting a mechanical 
or thermal force to the object, another image of the object surface at its deformed 
state is captured. Figure 3.2 shows typical speckle images for correlation before and 
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after an in-plane deformation. DIC algorithm is then applied to match an intensity 
pattern in the undeformed image to a corresponding intensity pattern in the 
deformed image and the deformation field is obtained.  
 
In DIC method, a series of points on the undeformed image is chosen for calculation 
of displacement field. For each point, a subimage around this point is chosen and 
correlated to a corresponding subimage in the deformed image. The search for best 
match of two subimages is conducted by a coarse-fine searching process, or more 
efficiently, a nonlinear iteration process. To achieve subpixel accuracy, interpolation 
methods should be implemented to construct a continuous distribution of gray value 
for the deformed image. 
 
3.1.2 Numerical Implementation 
 
In DIC, a set of neighboring points in the undeformed state is expected to remain 
neighboring points after deformation. Figure 3.3 illustrates schematically the 
deformation process of a planar object. The dash-line quadrangle S  is a subimage 
in the reference (or undeformed) image and the solid line quadrangle 1S  is a 
subimage of the corresponding deformed image. In order to obtain the in-plane 
displacement mu  and mv  of point M, the subimage S is matched with the 
corresponding subimage S1 using a correlation operation. If subset S is sufficiently 
small, the coordinates of points in S1 can be approximated by first-order Taylor 
expansion as follows [22, 23]: 
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where the coordinates are as shown in Fig. 3.3. 
 
Let ),( yxf  and ),( yxfd  be the gray value distribution of the undeformed and 
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where ),( nn yx  is a point in subset S in the undeformed image, and ),( 11 nn yx is a 
corresponding point (defined by Eqs. (3-1) and (3-2)) in subset S1 in the deformed 
















∂ ,,,  are the displacement derivatives of point M, the correlation 
coefficient C would be zero. Hence minimization of the coefficient C would provide 
the best estimates of the parameters.  
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∂ ,,, , then the correlation coefficient C  is dependent on the 
unknown vector P  as follows 
 
)(PCC =                                                        (3-4) 
 
In DIC application, the correlation coefficient C  must have a minimum value 
which would make the gradient of C  zero. 
 
0)( =∇ PC                                                       (3-5) 
 
The solution of Eq. (3-5) would provide the best estimations for the six unknown 
parameters. To solve Eq. (3-5), the Newton-Raphson iteration scheme can be used: 
 
0)())(( 000 =∇+−∇∇ PCPPPC                                       (3-6) 
 
where 0P  is an initial guess of the six parameters and P  is the next iterative 
approximate solution for Eq. (3-5). 
 
Since the in-plane displacement value for points in the undeformed image may not 
necessarily be an integer, interpolation schemes are implemented to reconstruct a 
continuous gray value distribution in the deformed images to achieve subpixel 
accuracy [16, 22]. Higher order interpolation method would provide more accurate 
results (as shown in Fig. 3.4), but with the limitation of requiring more computation 
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time. The choice of different schemes depends on different requirements; bi-cubic 
and bi-quintic spline interpolation schemes are widely used. 
 
It is noted in Eq. (3-3) that the correlation operation is not necessarily 
cross-correlation. Several correlation coefficients have been proposed by researchers 
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C                                (3-8) 
 
coefficient (3-3) is found to be both simple and to require less computation while 
providing the same accuracy as coefficient (3-8) [22, 23]. 
 
3.1.3 Some Important Points in Digital Image Correlation 
 
In the case of macro-object measurement, DIC method would give an accuracy of up 
to 0.01 pixels for rigid-body displacement. However, for in-plane deformation 
measurement, the accuracy drops to 0.1 pixels. In the case of micro-object 
measurement using images from a scanning tunneling microscopy, the accuracy of 
0.5 pixels have been reported. 
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In DIC, the choice of subset size is subjective. A large subset would need much 
computation and have an average effect on the resultant displacement field. 
However, if the subset is too small, it may not contain sufficient feature to be 
discriminated from the other subset, thus the correlation results may not be reliable. 
The choice of a subset size thus depends on the speckle size and other requirements. 
 
In the early stage of development of DIC algorithm, a coarse-fine searching method 
is widely implemented. The proposed method first correlates a subset in the 
undeformed image with a series of subsets in the deformed image, and locates the 
correlation peak within an integer pixel position (coarse searching). After coarse 
searching, interpolation methods are implemented and fine searching is conducted to 
locate the correlation peak up to subpixel accuracy. Normally the coarse-fine method 
does not include a deformation approximation, and thus is not suitable for rotation 
measurement. The DIC algorithm described in section 3.1.2, on the other hand, is 
suitable for in-plane rotation determination. Thus it is much more robust and 
accurate than the coarse-fine method.  
 
In large deformation situations, however, the first order Taylor expansion as shown 
in Eq. (3.2) and (3.3) may not be enough for deformation approximation, thus higher 
order Taylor series approximation should be implemented [23] for better results. 
 
In section 3.2, it is noted that the displacement derivatives, as well as the 
displacement data, are obtained from the iteration process. However, these 
displacement derivatives are not reliable since the incorporation of displacement 
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derivatives is just to improve the accuracy of displacement data. Normally the strain 
data should be obtained by differentiating the displacement data obtained from the 
method of DIC. 
 
For the DIC algorithm which incorporates the Newton-Raphson iteration method, it 
is essential to provide an accurate initial guess. The normal initial guess limit is 
about 7 pixels. If the initial guess is different from the real displacement by a value 
larger than the limit, then the iteration process would not converge, or converge to a 
wrong position. Thus for more reliable measurement, accurate initial guess by visual 
inspection or coarse searching process should be implemented before the use of 
iteration method. 
 
3.2 Principle for Out-of-Plane Displacement Measurement 
 
The basic idea for out-of-plane displacement measurement using DIC method is 
outlined as follows. When an object undergoes an out-of-plane displacement, the 
magnification of the imaging system changes and the image captured after the 
displacement is different from the original image. The resulting expansion or 
contraction of the images can be detected by use of the method of DIC. The 
unknown out-of-plane displacement is subsequently determined quantitatively after 
a calibration process. 
 
Figure 3.5 illustrates the optical arrangement for the measurement system.  
Consider an object of radius h  placed at a distance b  from a thin lens L . The 
corresponding image of the object with a radius of h′  is recorded on the image 
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plane placed at a distance a  from the lens. If the object undergoes an out-of-plane 
displacement bd , another image of radius H  would be recorded on the image 







b ′−=′−                                                  (3-9) 
 





′−= )(                                                   (3-10) 
 
By correlating the two recorded images, an apparent in-plane displacement 
)( hH ′−  can be determined. The parameter b  is obtained by a calibration process 
described as follows: 










′−  corresponding to a particular prescribed displacement bd  can 
be obtained by digital correlation. Hence by prescribing a series of out-of-plane 
displacements on the object, an average value of the parameter b  can be obtained 
through linear regression. Hence the out-of-plane displacement bd  can be readily 
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obtained from Eq. (3-10) after calibration. 
 
It should be noted that the above calibration method is based on the assumption of 
planar objects for which the value of b  is a constant. For objects with non-planar 
profiles, but the surface height variation is small compared to the object distance, the 
proposed calibration method can also be used to obtain an average object distance. 
For objects with large height variation on the surface, a different calibration method 
which determines the value of b  at each point of the image will be given in section 
3.3. 
 
3.3 Principle of Shape Measurement 
 
In section 3.2, we have validated that magnification change due to out-of-plane 
displacement can be utilized for displacement measurement. Magnification variation 
due to surface height variation, on the other hand, can also be used for measurement 
of surface profile from a different approach. 
 
For a thin lens imaging system as shown in Fig. 3.6(a), if the objects are within the 
depth of field, then a clear image of the objects will be obtained as shown in Fig. 
3.6(b). Though the three objects have the same cross-section, their images show 
different dimensions in Fig. 3.6(b) due to difference in height. The closer the object 
is to the camera, the larger it appears in the photo. This effect can be used to detect 
height variation of an object surface. 
 
Similarly, if an object is given an in-plane translation, the images before and after 
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the in-plane translation differ by an amount equal to the in-plane displacement 
modulated by the difference in surface height. Digital image correlation can then be 
used to obtain the in-plane displacement and the object shape can subsequently be 
obtained after calibration. 
 
Figure 3.7 shows a pinhole imaging system. A point P  on the surface of an object 
is imaged onto a point P′  on the image plane through a thin lens L . The relation 
















                                                    (3-13)              
 
where a  represents the image distance and the minus sign is due to the mirror 
image. 
 
If point P  undergoes a translation x∆  in the X-direction, the corresponding 




ax ∆−−=′∆                                                (3-14)              
 
By determining the image translation x′∆  using DIC algorithm, the z -coordinate 
can be obtained: 
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∆×−=                                                   (3-15)             
 
When the z -coordinate on each point of the object surface is determined, the object 
shape is defined. 
 
For most of the cases, the imaging system consists of a group of lens, and the 
equivalent lens center is difficult to determine. Thus calibration is needed to 
determine the image distance a .  
 
In the calibration process, a flat plate with a speckle surface mounted on a 3-axis 
translation stage is used. The plate is first located at a position where bz = . The 
magnification 11 / xx ∆′∆  is determined by giving the plate a series of translations 
along the X-axis, and calculating the corresponding image translations by DIC. The 
plate is then relocated at position zbz ∆−=  while keeping the image distance 
constant, and the same procedure is repeated to determine the magnification 




∆=                                           (3-16)               
 
The shape of the object is thus readily obtained by prescribing a known in-plane 
translation and applying Eq. (3-15).  
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3.4 Principle of Three-Dimensional Deformation Measurement 
 
The method proposed in this section combines DIC and fringe projection technique 
for 3-D displacement measurement. The method of DIC has been introduced with 
reasonable detail in section 3.1.The theory of fringe projection and the detailed 
combination method will be described in this section. 
 
3.4.1 The Method of Fringe Projection 
 
Fringe projection is a widely used technique for surface contouring. In this method, 
a fringe pattern, either computer-generated or generated by a physical grating, is 
projected onto the specimen surface. The distorted fringe patterns which contain the 
surface profile information are captured for quantitative analysis.  
 
The height-phase relation in fringe projection is illustrated in Fig. 3.8. A collimated 
sinusoidal fringe pattern is projected onto a test surface and images are captured by a 








αα ===                              (3-17)             
 
where p is the fringe period, α  is the angle between the projection and detection 
directions, )sin2( απpk =  is an optical coefficient related to the configuration of 
the optical measuring system and ),( yxϕ  is the phase modulated by the surface 
profile. 
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For fringes parallel to the y-axis, the distorted fringe pattern can be described by 
 
)],(2cos[),(),(),( yxxfyxbyxayxf x ϕπ ++=                          (3-18) 
 
where ),( yxa represents the background variations, ),( yxb describes the amplitude 
of the fringe, xf  is the spatial carrier frequency and ),( yxϕ  is a phase variable 
which is related to height information by Eq. (3-17). 
 
3.4.2 Fourier Transform for Phase Evaluation and Fringe Filtering 
 
Images captured are processed by Fast Fourier Transform (FFT) technique [70-72]. 
Rearranging Eq. (3-18), we have 
 




1),( yxiyxbyxc ϕ=  and ),(* yxc  is its conjugate. The Fourier 
transform ),( yuF  of surface intensity ),( yxf  is given by 
 
),(),(),(),( * yfuCyfuCyuAyuF xx ++−+=                         (3-20)             
 
The spectrum is composed of a central peak ),( yuA  and two side peaks 
),( yfuC x−  and ),(* yfuC x+  which are separated from the central peak by the 
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carrier frequency xf . A suitable part on the side peak ),( yfuC x−  is selected and 
shifted to the origin and ),( yuC  is obtained, from which ),( yxc  is easily 
obtained by applying an inverse FFT. Then the phase distribution which represents 









yxcyxϕ                                       (3-21)              
 
In Eq. (3-20), if the two side peaks are removed from the frequency domain, then the 
spectrum consists of only the central peak ),( yuA . By applying an inverse FFT, the 
background intensity ),( yxa  would be restored while the distorted fringes are 
removed. 
 
3.4.3 Out-of-Plane Displacement Measurement by Fringe Projection 
 
When an object undergoes a out-of-plane displacement, the phase distributions 
before and after the displacement are obtained by FFT and the out-of-plane 
displacement ),( yxh∆ is obtained by 
 
)),(),((),(),(),( yxyxkyxhyxhyxh dd ϕϕ −=−=∆                       (3-22)             
 
where ),( yxh  and ),( yxhd are surface profiles before and after deformation and  
),( yxϕ and ),( yxdϕ are unwrapped phases before and after deformation respectively. 
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3.4.4 3-D Displacement Measurement by Fringe Projection and DIC 
 
As mentioned above, the fringe projection technique can be used to measure surface 
profile and out-of-plane displacement. Digital image correlation, on the other hand, 
can effectively measure in-plane displacement. When these two techniques are 
combined into one optical system, 3-D displacement measurement of an object 
would be possible. 
 
Figure 3.9 shows the combination system. The object under test is mounted on a 
3-Axis stage which enables rigid-body translation in both out-of-plane and in-plane 
directions. Fringes are projected onto the object through a long distance microscope 
(LDM) lens and a programmable liquid crystal display (LCD) projector. The surface 
of the object is illuminated by a white light source and images are recorded on a 
CCD camera mounted with a LDM lens. The CCD camera is located along the 
z-axis and inclined at angle α  ( °30 ) with the fringe projector. 
 
To obtain 3-D displacement of the object, images of the object before and after 
deformation are captured. The surface profiles of the undeformed and deformed 
object are determined by using FFT for phase evaluation. Out-of-plane displacement 
is subsequently obtained by abstraction of the undeformed profile from the deformed 
state. To obtain in-plane displacement, two kinds of images can be used for DIC 
method. Firstly, the images with carrier fringes can be used; secondly, images 
without carrier fringes, which are captured by blocking the fringe projector and 
leaving only the background intensity, can be used. 
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(1) 3D Displacement Measurement Using One Image 
 
If a set of images which contains carrier fringes are used for DIC to determine 
in-plane displacement, then only one image at each deformed state is needed for 
3-dimensional displacement measurement. Thus the method is most suitable for 
dynamic measurement. 
 
In DIC, the image intensity acts as an information carrier. Hence surface 
illumination should be uniform to ensure that the gray values on a surface do not 
change greatly during deformation. However the projected fringe patterns are highly 
non-uniform. Thus the images with carrier fringes should be filtered to remove the 
fringes while retaining the background intensity before DIC algorithm is applied. 
One way for fringe removal is by the use of FFT. As described in section 3.4.2, by 
filtering out a small area of the fringe frequency in the frequency domain followed 
by an inverse FFT, the background intensity would be restored. 
 
To remove the fringes completely and restore the images so that they are suitable for 
digital correlation, the following should be noted. (1) The carrier fringe frequency 
should be sufficiently high compared to the frequency of the background. (2) High 
frequency speckles which carry information to obtain in-plane displacement may be 
partially removed in the fringe removal process. As a trade-off, a relatively slow 
varying background should be chosen. 
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(2) 3D Displacement Measurement Using Two Images 
 
For 3-D displacement measurement using one image, the accuracy of the 
measurement result would be affected by the fringe removal process. Hence the 
method is only suitable for rigid-body or large displacement measurement. To 
achieve better accuracy for small deformation measurement, two images, one with 
and another without the projected fringes, are employed. The surface profiles of the 
undeformed and deformed object are determined by applying FFT to the images 
with the projected fringes. The out-of-plane displacement is subsequently obtained 
by subtraction of the deformed profile from the undeformed state and the fringe-free 
images are correlated to obtain the in-plane displacement. 
 
When an object undergoes 3-D deformation, the deformed and reference profiles 
generated by FFT are shifted by a distance equal to its in-plane deformation. Hence 
to obtain the out-of-plane displacement accurately, the deformed profile is shifted 
back to its original position according to the in-plane displacement before the 
subtraction process. If the in-plane displacements have non-integer pixel values, 
interpolation process should be employed. 
 
It is noted that the out-of-plane displacement may introduce variations in the 
magnification of the system. This can be eliminated by the use of telecentric lens for 
recording the fringe pattern or by placing the imaging system at a relatively long 
distance from the test object. 
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Fig. 3.2 Typical images (a) before and (b) after a deformation 
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Fig. 3.8 Schematic diagram for fringe projection 
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CHAPTER 4 EXPERIMENTAL WORK 





To validate the methods for out-of-plane displacement, shape and 3-dimensional 
displacement measurement described in chapter 3, a series of experiments were 
conducted. The experimental set-ups and procedures are described in detail in this 
chapter. 
 
4.1 Experiment for Out-of-Plane Measurement 
 
The experimental set-up for out-of-plane displacement measurement is shown in Fig. 
4.1. A flat plate is mounted on a 1-axis translation stage and placed perpendicularly 
to a CCD camera. The object is imaged onto the camera’s image plane via a Nikon 
Micro-Nikkor lens ( 55=f mm, 22=− numberf ) and images are recorded through 
a frame grabber and stored in a computer. 
 
By translating the plate by a series of prescribed out-of-plane displacements, and 
computing the corresponding slopes of the apparent in-plane displacement, the 
measurement system is calibrated for out-of-plane displacement measurement by use 
of the method described in section 3.2. After the calibration, the plate is given 
out-of-plane translations of 60 mµ  and 800 mµ , and the proposed method is applied 
to measure the out-of-plane displacement field.  
 
To validate the proposed method for non-rigid body out-of-plane displacement 
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measurement, the flat plate is replaced by a cantilever beam (length = 153mm, width 
= 23mm, height = 2.96mm) as shown in Fig. 4.1. The free end of the beam is loaded 
by a point load and the deflection of the cantilever beam is determined by the 
proposed method. 
 
The above experiments on a flat plate and a cantilever beam are conducted on flat 
surfaces. Since the determination of out-of-plane displacement is based on object 
distance b (as can be seen from Eq. (3-10)) which is not a constant for a non-flat 
surface, the object distance b  should be obtained for each point of the image 
before calculation of out-of-plane displacement bd . A method which can accurately 
determine the parameter b  and surface profile has been described in section 3.3. 
However, in most cases, the height variation of an object surface is much smaller 
than distance b . Hence the surface profile variation would have little influence on 
the accuracy of the resulting out-of-plane displacement measured. Thus the proposed 
method can also be used for measurement of object with a surface profile. This has 
been proven by the use of a specimen with a step change using the same 
experimental procedure as that described for the flat plate. 
  
4.2 Experiment for Shape Measurement 
 
The experimental set-up for shape measurement is shown in Fig. 4.2. This set-up is 
similar to the one used for out-of-plane displacement measurement, except that the 
translation stage is now able to displace in all three directions. The test object is 
mounted on a 3-axis translation stage which has a resolution of 10 microns. The 
surface of an object is imaged onto a CCD camera by a Nikkon Micro-Nikkor lens 
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(focal length 55mm) located along the optical axis. Images captured are digitized 
and stored in a personal computer for further processing. The object surface is 
illuminated by a white light source, thus a small aperture size could be used which 
would increase the depth of field. 
 
An experiment is first conducted to validate the pinhole perspective model described 
in section 3.3. A flat plate is located at a distance (b ) of about 66 cm from the CCD 
camera and a clear white light speckle image is captured by adjusting the image 
distance. The magnification at this position is obtained by giving the plate a series of 
prescribed translations along the X-axis and computing the corresponding image 
translations. The plate is subsequently repositioned along the Z-axis at increments of 
3 mm, 6 mm, 9 mm, 12 mm, 15 mm and 18 mm, and magnifications at these 
positions are obtained. The reciprocal of the magnification is plotted against the 
incremental distance, and the image distance a  is determined using Eq. (3-16). By 
comparing the image distance a  obtained from calibration ( =a 59.99 mm) with 
manual measurement using a ruler (65 mm), the pinhole model is validated. 
Moreover, it is confirmed in this calibration process that two different positions 
along Z-axis would provide the value of image distance accurately, thus only two 
different positions are chosen for calibration in the subsequent experiments. 
 
Following the validation experiment, a plate with a step change on the surface is 
used as a test specimen. By giving the plate a known rigid-body translation along the 
X-axis, and correlating the images before and after the translation, the displacement 
field (modulated by the surface height variation) is obtained. The shape of the object 
is subsequently retrieved from the method described in section 3.3. 
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A light bulb coated with black-white speckles is also used as a sample. A flat plate is 
used for calibration to obtain image distance a . The bulb is then attached to the flat 
plate and mounted on the 3-axis stage before being translated in the X-direction by a 
known amount. 
 
4.3 Experiment for 3-D Deformation Measurement 
 
Figure 4.3 shows the experimental setup for three-dimensional deformation 
measurement. The test object with a diffuse surface is mounted on a 3-axis 
translation stage and fringes are projected through a lens and a programmable liquid 
crystal display (LCD) projector. The translation stage has a resolution of 10 mµ  in 
the x-direction and 0.5 mµ  in the y- and z-directions. The object surface is 
illuminated by a white light source and images were recorded on a CCD camera 
mounted with a telecentric lens. The CCD camera is located along the z-axis and 
inclined at angle of o30 with the fringe projector. A coin (diameter 16 mm) with a 
diffuse surface was used as a specimen. Fringes are projected onto the coin, and 
images with fringes are captured for quantitative analysis. 
 
Calibration for both in-plane and out-of-plane displacement was performed by use of 
the 3-Axis stage. By translating the coin by a series of prescribed in-plane 
displacements, and computing the corresponding distances in pixels, the 
magnifications of the setup in the x- and y-direction were obtained. Similarly, the 
out-of-plane displacement was calibrated and coefficient k  in Eqs. (3-17) was 
determined using the same procedure.  
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To achieve better accuracy for small deformation measurement, an image without 
fringes was used for DIC. As shown in Fig. 4.3, a steel cantilever beam (length = 
153mm, width = 23mm, height = 2.96mm) was used. One end of the beam was fully 
clamped, and the free end was loaded along z-direction by a micrometer. Images of 
the beam with and without projected fringes were captured using a CCD camera 
combined with a telecentric lens. For simplicity, the coordinate origin is located at 
the free end of the cantilever beam. The viewing area is a rectangular area ( 40 mm x 
53 mm) which is 54  mm from the free end of the beam. 
 
Calibration was again carried out by the use of the 3-Axis translation stage. Before 
loading was applied at the free end, the beam was given a series of out-of-plane 
rigid-body displacement. Images with fringes were then captured, and FFT was 
employed to evaluate the phase. The beam was also given a series of pure in-plane 
displacement, and the DIC algorithm was used to calculate the corresponding 
displacement.  
 
After the calibration process, the beam was loaded at the free end to introduce both 
in-plane and out-of-plane deformation. Images with and without projected fringes 
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CHAPTER FIVE 
RESULTS AND DISCUSSION 
 
5.1 Out-of-Plane Displacement Measurement 
 
This section discusses the results for out-of-plane displacement measurement. 
Results are obtained on a uniformly translated plate, a cantilever loaded at the free 
end and a surface with a step change. 
 
5.1.1 Rigid-Body Displacement Measurement 
 
Figure 5.1 shows a speckle image of a flat plate. When the plate undergoes an 
out-of-plane displacement, the change in magnification will introduce an apparent 
in-plane displacement. Figure 5.2 shows a typical apparent in-plane displacement 
field when the plate is given a rigid-body out-of-plate translation of 1 mm. It is seen 
that the apparent in-plane displacements show a flat plane which is in agreement 
with that using Eq. (3-11). The slope of the apparent displacement can be calculated 
from Fig. 5.2 by fitting the experimental data with a linear function. Figure 5.3 
shows a plot of the slopes of the apparent in-plane displacements of the plate 
specimen against prescribed out-of-plane displacements. It is seen that the slope of 
the apparent in-plane displacement is proportional to the prescribed out-of-plane 
displacement, which again agrees well with Eq. (3-11). The experimental data can be 
linearised using the least squares method by an equation y = 0.00368x with a 
correlation coefficient R = 0.9999. The initial object distance b  is found to be 
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271.74 mm. 
 
After calibration, the plate is given a series of out-of-plane displacements. The 
apparent in-plane displacements )( hH ′−  are obtained by correlating the initial and 
displaced images. The parameter b  is obtained from the calibration process 
described in section 3.2. The whole field out-of-plane displacement is thus obtained 
from Eq. (3-10). Figure 5.4(a) shows the experimental results with a prescribed 
out-of-plane displacement of 800 mµ . The mean value obtained from the figure is 
796.1 mµ with a standard deviation of 4.3 mµ . Compared with the prescribed 
displacement, the maximum discrepancy is 14.2 mµ . Figure 5.4(b) shows the 
experiment results with a prescribed out-of-plane displacement of 60 mµ . The mean 
value is 60.2 mµ with a standard deviation of 1.7 mµ . In this case, the maximum 
discrepancy is 5.4 mµ . 
 
5.1.2 Deflection on a Cantilever Beam 
 
For non-rigid body out-of-plane displacement measurement, a cantilever beam is 
used. When loaded at the free end, the cantilever beam undergoes elastic deflection. 
Speckle images of the beam surface are captured and processed. Figure 5.5 shows 
the apparent in-plane displacement field when the out-of-plane displacement of the 
free end of the cantilever beam is 2mm. Since the out-of-plane displacement is not 
due to rigid-body motion, the apparent in-plane displacement is no longer a plane as 
in Fig. 5.2. It is a curved surface which shows out-of-plane displacement as 
indicated in Fig. 5.6(a). Figure 5.6(b) shows the theoretical out-of-plane 
displacement obtained from simple beam theory. Figure 5.6(c) shows a comparison 
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of the theoretical and experimental out-of-plane displacement at the middle section 
of the beam. It can be seen that the experimental results agree well with theory, and 
the maximum discrepancy is less than 8%.  
 
It is noted that loading at the free end of a cantilever beam would also introduce an 
in-plane displacement component, though it is much smaller than the out-of-plane 
component. This would however contribute to the apparent in-plane displacement, 
and thus introduce discrepancy in the reconstructed out-of-plane displacement. The 
“real in-plane displacement effect” can be eliminated by calculating the theoretical 
in-plane displacement, and subtracting this value from the experimentally obtained 
apparent in-plane displacement. Figure 5.7(a) shows the out-of-plane displacement 
after subtraction of the “real in-plane displacement effect” and Fig. 5.7(b) shows the 
theoretical out-of-plane displacement. Figure 5.7(c) shows a comparison of 
theoretical and experimental out-of-plane displacement at the middle section of the 
cantilever. It is seen that agreement is better and the maximum discrepancy is less 
than 5%. 
 
5.1.3 Measurement of Non-Planar Object 
 
The proposed method can also be used to measure non-planar object when the height 
variation of the surface is much smaller compared to the object distance b . Figure 
5.8 shows an image of a surface with a step of height 1 mm. Figure 5.9 shows the 
apparent in-plane displacement fields when the out-of-plane displacement is 2 mm. 
It can be seen from Fig. 5.9 that the apparent in-plane displacement fields are planes 
without sudden interruptions. This means that the step has little influence on the 
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apparent in-plane displacement. Figure 5.10 shows the out-of-plane displacement 
field obtained from the experiment. The mean value is 2.003 mm and the standard 
deviation is 0.01 mm. Compared with the prescribed distance of 2 mm, the error is 




The method described above is suitable for pure out-of-plane displacement 
measurement. The resolution varies with the magnification of the imaging system. In 
the experiments conducted, the proposed method indicates a resolution of 1 micron 
for rigid-body out-of-plane displacement measurement with a magnification of 1. 
The resolution could be further improved by increasing the magnification. However 
this would lead to a reduction in the measuring area and range. 
 
The measuring range of the method is subject to defocus of the image, which is 
related to the pixel size of the CCD, the aperture size and the magnification of the 
imaging system. The measuring range increases with the increase in pixel size and 
the reduction of aperture size and magnification. For a numberf −  of 22, a 
magnification of 0.2 and a pixel size of 11 microns, the depth of field of the imaging 
system is 14.5 mm, and this would serve as the theoretical measuring range. In the 
experiments conducted, a measuring range of 10 mm is achievable with the 
parameters described above. 
 
It should be noted that at the central region of the image, due to small values of h′ , 
errors resulting from using DIC will be greatly amplified. To minimize the effect the 
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experiment data would need to be smoothened before the out-of-plane displacement 
is determined. This can be carried out by fitting the apparent in-plane displacement 
field with a polynomial curve. 
      
The apparent in-plane displacement components u and v  can both be used to 
reconstruct the out-of-plane displacement component w . The results should be the 
same according to theory. However, the measured results could differ slightly due to 
lens aberrations and misalignment of the optical setup. The average values are used 
in this study. 
 
The method described herein has several advantages including: (1) simple optical 
setup and calibration; (2) insensitivity to rigid-body in-plane displacement as this 
would not affect the slope of the apparent in-plane displacement; (3) accuracy up to 
submicron level with high magnifications; (4) large measurement range with 
medium and small magnifications. 
 
 
5.2 Shape Measurement 
 
The method proposed for shape measurement utilizes DIC to measure the in-plane 
displacement field of the object introduced by an in-plane translation. Since the 
surface height variation of the object would affect the displacement field obtained 
from DIC method, the object distance and the shape of the object can be retrieved 
from the in-plane displacement field after a calibration process. Experiments 
conducted on a step change and a bulb show that this method is suitable for 
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measurement of step change and large object.  
 
5.2.1 Measurement of a Step Change 
 
A speckled plate is first used for validation of the pinhole model. Figure 5.11 shows 
a plot of the reciprocal of magnification against the object incremental distance. It 
can be seen that as the plate moves nearer to the camera, the reciprocal of the 
magnification decreases linearly. This phenomenon agrees well with the theoretical 
prediction as shown in Eq. (3-16). The least-squares fitted line with a slope of 
0166.0−  indicates an image distance of =a 59.99 mm. The distance from the 
image plane to the initial position of the plate is found to be =b 655.88 mm, which 
agrees well with the value (66 cm) measured using a ruler. This shows that the 
pinhole perspective model is a good approximation. The correlation coefficient of 
the least-squares fitting line in Fig. 5.11 indicates a value of 9999.0=R , which 
means that magnification of two different positions provides an accurate 
measurement of the image distance. Thus the calibrations for the following 
experiments use only two different positions. 
After the validation, a plate with a step change of 1.4 mm was used as a test object 
for shape measurement. The magnifications of the step change at different positions 
are determined. Figure 5.12(a) shows the magnification at the original position 
where bz = , and Fig. 5.12(b) shows the magnification at 5.1−= bz mm. The image 
distance of the optical system is subsequently obtained. The plate is then given a 
translation of 3 mm in the X-direction. Images before and after the translation are 
captured and correlated. Figure 5.13(a) shows the displacement field obtained. The 
variation of the displacement field clearly indicates the step change. Figure 5.13(b) 
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shows the object distance retrieved from the in-plane displacement field using Eq. 
(3-15) and Fig. 5.13(c) shows a cross-section of the profile at the mid-section of Fig. 
5.13(b). It is seen that the height of the step change measured agrees well with the 
value of 1.4 mm. 
 
5.2.2 Measurement of a Bulb Sample 
 
A half bulb sample with a speckled surface as shown in Fig. 5.14 is also used as a 
test object. Calibration of the magnification obtained at two different positions is 
shown in Fig. 5.15. The bulb sample is then translated 12 mm along the X-direction 
and the images before and after the translation are correlated. The in-plane 
displacement field is shown in Fig. 5.16 and the object distance at every point is 
shown in Fig. 5.17. Since the surface of the bulb is nearer to the CCD than the base, 
the distance from the bulb is smaller than that from the substrate as shown in Fig. 
5.17. A convex shape of the bulb can be obtained by subtracting Fig. 5.17 from the 
object distance of the substrate. Figure 5.18 shows a 3-D plot of the bulb after 
subtraction. A middle section of Fig. 5.18 is plotted in Fig. 5.19, from which the 
shape of the bulb is clearly identified. Part of Fig. 5.19 is plotted in Fig. 5.20 for 
comparison with the bulb profile obtained from a commercial profiling machine 
Mahr OMS400. The profile at the ends of the bulb cannot be obtained from the 
profiling machine due to large slopes. It can be seen from Fig. 5.20 that the two 
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5.2.3 Discussion 
 
The method proposed herein for shape measurement has the advantage of being able 
to measure abrupt height variation like a step change, which is difficult to measure 
for most other methods using phase evaluation. Moreover, this method uses direct 
viewing of the object and does not require projection of fringes, thus the problem of 
shadowing is avoided. 
 
The measurement range of the proposed method is mainly limited by the depth of 
field of the optical system. If the object height exceeds the depth of field, a clear 
image of the object cannot be obtained, thus the measurement accuracy would 
decrease drastically.  
 
The resolution of the method depends on the accuracy of DIC method, the 
prescribed in-plane translation x∆ , and more importantly, the object distance. Since 
the method involves only rigid-body in-plane translation, the accuracy of DIC 
achievable is 0.05 pixel or higher. In this study an in-plane translation of about 100 
pixels is used. A larger translation would provide better result since the signal to 
noise ratio would be improved. However the object should remain within the image 
boundary during the translation. The object distance has a large influence on the 
resolution and the measurement range. A decrease in object distance will result in an 
increase in the resolution and an increase in measurement range. In the present 
set-up with a prescribed in-plane translation of 100 pixels and at an object distance 
of 600 mm, the resolution is about 0.25 mm and measurement range is 40 mm. For a 
smaller object distance of 110 mm, the resolution increases to 0.05 mm, however the 
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measurement range decreases to 1 mm. Hence the proposed method is more suitable 
for measurement of a large object for which a high ratio of measurement range to 
resolution can be achieved. For a small object, the resolution would be of the same 
order as the measurement range. 
 
5.3 3-D Displacement Measurement 
 
The method proposed for three-dimensional displacement measurement combines 
fringe projection and DIC method into one system. For the case when only one 
image is captured at each state, experiments are conducted on a coin.  For the case 
when two images are captured, experiments are conducted on an cantilever beam.  
 
5.3.1 3-D Rigid-Body Displacement Measurement 
 
For 3-D rigid-body displacement measurement, a coin (diameter 16 mm) with a 
diffuse surface was used as a specimen. Fringes were projected onto the coin, and 
images with fringes were captured for quantitative analysis. 
 
The calibration for both in-plane and out-of-plane directions was performed with a 
3-Axis translation stage. By translating the coin by a series of prescribed in-plane 
displacements, and computing the corresponding distances in pixels, the 
magnification of the setup was found to be 0.0328 mm/pixel in the x-direction and 
0.0342 mm/pixel in the y-direction. Similarly, the out-of-plane displacement was 
calibrated using the same procedure and coefficient k  in Eqs. (3-17) was found to 
be 0.0254 mm. The coin was then given a series of 3-D rigid-body translations, and 
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the displacements were determined using the proposed method. 
  
An ideal image for DIC is a speckle image which provides high contrast for 
correlation. However, in this experiment, no speckles are applied to the coin 
specimen surface. Thus the use of image with low varying gray value has to be 
verified before it can be used for digital correlation. Figure 5.21(a) shows a speckle 
image of a test object, and Fig. 5.21(b) shows the gray value distribution at section 
A-A. Figure 5.22(a) shows a non-speckle image of the coin tested, and the gray 
value distribution at section B-B is shown in Fig. 5.22(b). It is seen that the image of 
the coin does provide a reasonable contrast, though not as good as the speckle image. 
The calibration charts using Fig. 5.21(a) & 5.22(a) are shown in Fig. 5.23(a) & 
5.23(b) respectively. The experimental data are linearized using least-squares 
method and the results show a magnification of 0.0292 pixels/ mµ  and R2 values of 
1 and 0.9998 for the speckle (Fig. 5.21) and non-speckle (Fig. 5.22) image 
respectively. This shows that DIC technique can also be used to correlate 
non-speckle images with good accuracy. 
 
Figure 5.24 shows a typical image of a coin with projected fringes. After applying 
discrete FFT to the image, the fringe filtering method described in section 3.4.2 is 
used. Figure 5.25 shows a plot of the spectrums of Fig. 5.24 before (Fig. 5.25(a)) 
and after (Fig. 5.25(b)) filtering of fringe frequency. When an inverse FFT is 
subsequently applied, the background intensity is restored as shown in Fig. 5.26(a). 
Comparing with Fig. 5.26(b) which shows an image without a projected fringe 
pattern, the background intensity appears similar. Figure 5.27 shows a calibration 
chart in the y-direction using Fig. 5.26(a). The results obtained using Fig. 5.26(b) are 
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also included for comparison. It is seen that the discrepancy of the least-squares 
linearized lines is less than 0.5%. Hence the results indicate that the filtering 
operation does not affect the subsequent DIC procedure on a particular image. The 
calibration chart in the x-direction using Fig. 5.26(a) is shown in Fig. 5.28. Figure 
5.29 shows a 3-D plot of part of the coin shown in Fig. 5.22(a). By translating the 
coin by a series of out-of-plane displacements, and subtracting the undisplaced from 
the displaced phase map, the resultant calibration chart in the z-direction is shown in 
Fig. 5.30. 
 
The test coin was also given a series of 3-D rigid-body translations and images of 
the undisplaced and displaced states are recorded. The 3-D displacements obtained 
are shown in Table 5.1. Each row in Table 5.1 shows a prescribed and measured 
displacement and wvu ,, are displacements in the x,y,z directions respectively. 
PPP wvu ,,  are the prescribed translations and MMM wvu ,,  are the translations 
measured using the proposed method. The standard deviations, vu σσ ,  and wσ , 
indicate the consistency of measured displacements at different points on the coin. In 
Table 5.1, it is seen that for displacements which range from several to 100 microns, 
the absolute errors are less than 0.5 micron in most cases. The errors appear to 
increase with increasing displacements due to changes in magnification, surface 
illumination, and alignment of the experiment setup. However, they are within 5% 
for displacements from 100 microns to 1 millimeter. It is also noted that for larger 
displacements an out-of-plane displacement would result in an in-plane 
displacement and vice-versa. This is mainly due to the misalignment of the CCD 
camera and the magnification change. 
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5.3.2 3-D Deformation Measurement 
 
The use of one image at each displaced state for 3-D rigid-body displacement 
measurement is shown in section 5.3.1. For more accurate measurement of small 
deformation, an image without fringes can be used for DIC.  
 
A cantilever beam is loaded at the free-end and the proposed method was employed 
to measure the 3-D displacement field. Again calibration was carried out by the use 
of a 3-Axis translation stage. Before the loading was applied at the free end, the 
beam was given a series of out-of-plane rigid-body displacement. Images with 
fringes were then captured, and FFT was employed to evaluate the phase. Figure 
5.31 shows average phase change against out-of-plane displacement. The coefficient 
k  in Eq. (3-17) is found to be 0.0465 mm. The beam was also given a series of pure 
in-plane displacement, and DIC algorithm was used to calculate the corresponding 
displacement. The magnification of the setup was found to be 0.0694 mm/pixel in 
the x-direction. Figure 5.32 shows an in-plane calibration chart. 
 
After the calibration, the beam was loaded at the free end which introduced both 
in-plane and out-of-plane deformation. Images with and without projected fringes 
were captured for displacements evaluation. Figure 5.33(a) shows the out-of-plane 
displacement obtained. For a cantilever beam loaded at the free end, the analytical 
solution can be easily obtained from simple beam theory. Fig. 5.33(b) shows the 
theoretical out-of-plane displacement for comparison. Figure 5.34 shows a middle 
section of both theoretical and experimental out-of-plane displacement. It can be 
seen that the experimental results agree well with theory, and the maximum 
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discrepancy is less than 2%. 
 
It should be noted that for the set-up shown in Fig. 4.3, if the optical axis of the 
CCD camera is not perpendicular to the beam surface, the out-of-plane displacement 
will cause a shift in the image plane, and hence introduce an error in the measured 
in-plane displacement. By giving the beam a series of pure out-of-plane 
displacement, and then computing the corresponding shift by DIC algorithm, the 
misalignment is obtained and incorporated in the subsequent in-plane displacement 
results. Figure 5.35(a) shows the experiment results for in-plane displacement in 
the x -direction after considering the misalignment effect. Figure 5.35(b) shows the 
theoretical results. Both the theoretical and experimental in-plane displacements in 
the middle section of the beam are shown in Fig. 5.36. The maximum discrepancy is 




It should be noted that when two images are used at each deformed state, the 
resolution of the method depends on the resolution of DIC and fringe projection 
method. The resolution of DIC is up to 0.01 pixels for rigid-body translation and 
0.05 pixels for deformation measurement. Thus with a magnification of 1, the 
proposed method has a resolution of submicron for in-plane displacement 
measurement. The technique of fringe projection has submicron resolution. Thus by 
combining the two methods,  submicron resolution can be achieved. 
 
When only one image is captured at each displaced state, the fringes of an image 
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would be removed by Fourier filtering. This procedure eliminates the need for a 
double image procedure and thus is suitable for dynamic measurement. However, 
the use of a restored image also decreases the accuracy to 0.2 pixels. Thus this 
procedure is normally used for large deformation or rigid-body displacement 
measurement. 
 
For the fringe projection method, since the projected fringes are not fully collimated, 
the coefficient k  in Eq. (3-17) is slightly different from one point to another in the 
imaging area. To achieve better accuracy, point-wise calibration is employed instead 
of an average value. 
  
Similar to the method for shape measurement, the method for 3-D displacement 
measurement has several advantages including: (1) easy sample preparation; (2) 
relatively simple experiment setup and calibration process; (3) large measurement 
range with varying magnifications; (4) high accuracy with the use of two images; (5) 
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Fig. 5.2 Typical apparent in-plane displacement (a) u  and (b) v  
CHAPTER 5 RESULTS AND DISCUSSION 
















































CHAPTER 5 RESULTS AND DISCUSSION 





Fig. 5.4 Experimental results for prescribed out-of-plane displacement of (a) 
800 mµ and (b) 60 mµ  
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Fig. 5.5 Apparent in-plane displacement (a) u and (b) v of a cantilever beam 
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Fig. 5.6 Out-of-plane displacement of the cantilever beam. (a) Experimental result, 
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(c) 
Fig. 5.7 Out-of-plane displacement of the cantilever beam after correction. (a) 
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Fig. 5.9 Apparent in-plane displacement (a) u and (b) v for a surface with a step 
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Fig. 5.13 (a) In-plane displacement field obtained from DIC, (b) object distance 
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Fig. 5.16 In-plane displacement obtained by digital image correlation 
 
Fig. 5.17 Experiment-obtained object distance b 
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Fig. 5.19 The middle cross-section of the bulb sample 
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(a) 




Fig. 5.21 (a) Image of a speckle and (b) gray value distribution at section A-A
A A 
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(b) 
Fig. 5.22 (a) Image of a coin and (b) gray value distribution at section B-B 
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Fig. 5.23 Calibration in y-direction using image of (a) a speckle and (b) a coin 
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Fig. 5.24 Image of a coin with projected fringes 
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Fig. 5.26 Image of a coin (a) after fringe removal and (b) with no projection fringes 
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Fig. 5.28 Calibration in x-direction after fringe removal 
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Fig. 5.30 Calibration in z-direction 
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Fig. 5.33 (a) Experimental and (b) theoretical out-of-plane  
displacement of the beam surface 
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Fig. 5.34 Comparison of experimental and theoretical out-of-plane  
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Fig. 5.35 (a) Experimental and (b) theoretical in-plane displacement of the beam 
surface in x-direction 
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Fig. 5.36 Comparison of experimental and theoretical in-plane  
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CHAPTER SIX 




In this thesis, the method of digital image correlation (DIC), which is conventionally 
used for in-plane displacement measurement, is further developed for out-of-plane 
displacement and shape measurement. Furthermore, DIC is also combined with 
fringe projection technique to measure full-field three-dimensional deformation 
using a single camera. Measurements are performed by a simple optical set-up 
which consists of a CCD camera, a 3-axis translation stage, a fringe projector and a 
personal computer for data processing. 
 
Conventionally, DIC system with a single camera is only used for in-plane 
displacement measurement. In this study, a method is developed for whole-field 
out-of-plane displacement measurement. The proposed method employs DIC for an 
apparent in-plane displacement calculation and subsequently retrieves the 
out-of-plane displacement. In the experiments conducted, the proposed method 
indicates a resolution of 1 micron for rigid-body displacement measurement and the 
error is less than 5%. The resolution could be further improved by increasing the 
magnification. However this would lead to a reduction in the measuring area. The 
proposed method is also able to measure non-planar object like a step change. Since 
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this method utilizes only a single camera, the measuring system is much simpler 
than most existing systems for out-of-plane displacement measurement. Other 
advantages of the proposed method include insensitivity to rigid-body in-plane 
displacement and large measurement range. 
 
The system for out-of-plane displacement measurement is also modified and further 
developed for shape measurement, which is normally performed by a 
camera-projector [47, 73] or a multiple-camera system. The magnification variation 
introduced by the surface profile is determined by the use of DIC algorithm and the 
shape of the object is subsequently retrieved from a pinhole camera model. 
Experiments are conducted to measure a step change and a bulb. The results indicate 
a resolution of 0.05 mm and the error is less than 4%. Both experimental and 
theoretical analysis shows that this method is especially suitable for step change or 
large object measurement which presents a larger magnification variation. The 
proposed method also employs direct viewing of the object, and has no shadow 
problems as in fringe projection or shadow moiré method. 
 
Digital image correlation is also combined with fringe projection in one measuring 
system to obtain three-dimensional deformation. In the combination method, Fast 
Fourier transform (FFT) is employed to obtain phase information of the surface 
profile and out-of-plane displacement, and DIC method is used to measure in-plane 
displacement. Experiments conducted on a rigid-body translated coin indicate 
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submicron resolution in both in-plane and out-of-plane directions for small 
displacement measurement. Experimental data obtained on an end-loaded cantilever 
beam also indicate an error of less than 5% for larger deformation measurement. 
There are two alternatives for in-plane displacement measurement. The first one 
uses images restored from fringe-presented images for DIC. Since only one image is 
captured at each state in this method, it has the advantage of being suitable for 
dynamic measurement. The second alternative uses fringe-free images for DIC and 
thus provides more accurate in-plane displacement measurement. 
 
The compact measuring system proposed has many advantages. Unlike existing 
multiple-camera systems used for three-dimensional displacement or shape 
measurement, the system proposed herein uses a single direct-viewing camera which 
avoids tedious calibration process and problems of shadows. This measuring system 
is also able to accommodate varying magnifications for various applications and 
provide high accuracy measurement. Since the measuring system can be easily 
pre-calibrated, it can also be used for in-situ and real-time measurement. 
 
6.2 Future Work 
 
Future work should include development of more accurate and computation time 
saving algorithms. One possible improvement of current DIC algorithm is 
full-image correlation. In the current DIC method, the choice of subset size is 
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somewhat arbitrary. Normally the subset should be big enough to contain unique 
speckle feature. However a bigger subset also has a greater smoothing effect and the 
need for more computation time. Different subset size can also yield slightly 
different results. To solve this problem, a full-image correlation method should be 
attempted. Since the displacement field is continuous and smooth, especially in the 
case of small displacement, some continuous function, such as B-Spline function 
can be used to represent whole field displacement, and the whole image can be 
correlated without defining a subset. This would be an improvement over the 
subset-based correlation method.  
 
The combination of DIC method with other techniques could also be another 
direction for future research. Since the basic principle for DIC method is correlating 
two images to obtain quantitative evaluation of image translation, hence only two 
images are required as input. Thus the method of DIC is especially suitable to be 
implemented with other optical techniques, acoustic methods or X-ray method. The 
combination of DIC with electronic speckle pattern interferometry method, which is 
normally for out-of-plane displacement measurement, may also provide another 
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